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The dynamic behavior of a, p, and screw dislocations in both undoped and doped InP is 
investigated. The generation of dislocations from a surface scratch is suppressed in doped InP. 
This effect is attributed to the immobilization of dislocations due to locking by impurities similar 
as observed in GaAs. Isovalent Ga and As dopants are found not to affect the dislocation 
velocity. Zn acceptors strongly reduce the dislocation velocities of all type of dislocations while 
S donors enhance the velocity of a dislocations and reduce the velocity of fi and screw 
dislocations. Such impurity effects are in contrast with those observed in GaAs. The measured 
dislocation velocities are expressed with a simple empirical equation as a function of stress and 
temperature. The mechanical strength of InP reflects the above dynamic behavior of individual 
dislocations. An increase in the yield strength results from a decrease in the dislocation velocity 
in Zn-doped InP. On the other hand, an increase in the strength at high temperatures results 
from dislocation immobilization in Zn- or S-doped InP. 
I. INTRODUCTION 
It is known that dislocations cause spatial variation in 
the electrical and optical properties of a semiconductor 
crystal and can be the cause of degradation of devices. 
Thus, a great deal of effort has been made in growing 
semiconductor crystals that are dislocation free or which 
have low dislocation densities. Dislocations are induced 
into a crystal under stress by means of generation followed 
by multiplication. Such dislocation processes are affected 
seriously by dopants through various kinds of dislocation- 
impurity interactions. A full understanding of the dynamic 
behavior of dislocations certainly contributes to the tech- 
nology to develop reliable devices. 
Three basically different types of dislocations, termed 
a, fl, and screw dislocations, exist in a III-V compound 
semiconductor crystal with the sphalerite structure. Any 
dislocation loop generated under stress consists of seg- 
ments of all of these different types of dislocations. It has 
been established that the dynamic behavior as well as char- 
acteristics in the interaction with impurities of different 
types of dislocations are different from each other, as has 
been reported in detail by the present authors on G~As.*‘~ 
InP is of great technological importance in optoelectronics 
as well. It is the material of choices for laser diodes emit- 
ting at the wavelength of minimum loss in transmission 
through silica fibers. Attempts have been made to decrease 
the density of grown-in dislocations in InP crystals by dop- 
ing with certain impurities. Indeed, Seki, Watanabe, and 
Matsui3 reported that Zn doping was effective in growing 
InP crystals with a low dislocation density. Jacob et aL4 
and Tohno et al5 succeeded in growing InP crystals nearly 
dislocation free by doping of isovalent impurities. A few 
studies have so far been done on the dislocation 
velocitie&’ and the macroscopic deformation 
characteristics9-‘2 at elevated temperatures with InP. It is 
important to clarify the dynamic behavior of individual 
dislocations and the impurity effects in InP crystals by 
direct observation. It is also interesting from the basic 
point of view to know the details of dynamic properties of 
dislocations in InP in comparison with other III-V com- 
pound semiconductors. In a previous articleI we reported 
that fi dislocations move faster than a and screw disloca- 
tions in undoped InP at temperatures higher than 400 “C!, 
which is contrary to the observations made in GaAs. 
This article reports the dopant effects on the dynamic 
behavior of dislocations in InP investigated systematically 
by means of the etch-pit technique. The results are com- 
pared with those in GaAs. The mechanical strength of InP 
crystals is also investigated and discussed in relation to the 
dynamic behavior of individual dislocations. 
II. EXPERIMENT 
Specimens were prepared from both undoped and 
doped InP crystals grown by the liquid-encapsulated Czo- 
chralski technique. The species and the concentration of 
the main dopants in each crystal are given in Table 1. 
Specimens for etch-pit studies were rectangular, ap- 
proximately 3 x 2 x 15 mm3 in size, having the long axis 
along the [ilO] direction and the surfaces parallel to the --- 
( 111) and ( 112) planes. The surfaces were chemically pol- 
ished with bromine-methanol. The specimen was stressed 
at an elevated temperature by three-point bending in a 
vacuum lower than 10m3 Pa. Some specimens were stressed 
in high-purity argon to avoid thermal decomposition of 
surface regions, which became appreciable at temperatures 
higher than 500 “C. The bending axis of the specimen was 
chosen to be parallel to the [l 121 direction for the obser- 
vations of the motion of a and j? dislocations and to the --- 
[l 1 l] direction for the observations of the motion of screw 
dislocations. Dislocations were generated from a scratch 
drawn along the [ilO] direction at room temperature with 
a diamond stylus. The generation and movement of dislo- 
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cations from the scratch due to stressing were observed 
with etch pits developed by the HBr-CHsCOOH etchant14 
or A-B solution.15 The geometry of the specimen as well as 
the details of the experimental procedure are described in 
previous articles.““13 
Specimens for mechanical tests were rectangular, ap- 
proximately 2.7X2.7X 10.6 mm3 in size, having the long 
axis parallel to the [‘iz3] direction and the side surfaces, 
parallel to the ( 111) and (541) planes, were finished by 
chemical polishing. The specimen was uniaxially com- 
pressed with a constant strain rate with using an Instron- 
type machine at various temperatures in high-purity argon. 
The details of the experimental procedure for mechanical 
testing are described elsewhere.16 
Ill. RESULTS 
A. Generation of dislocations from a scratch 
Figure 1 shows an x-ray topograph of dislocations gen- 
erated and traveled from a scratch made on the surface of 
a specimen of InP doped with S at a concentration of 
8 X 10” crnm3 which was subjected to three-point bending 
at 450 “C for 40 s. The maximum resolved shear stress in 
the specimen was 20 MPa. It is seen that dislocations were 
mostly generated and traveled from the scratch. The dis- 
tances traveled by the dislocations moved in the upward 
direction are much larger than those moved in the down- 
ward direction. It is easily verified from geometrical con- 
siderations that the former dislocations are of a type while 
the latter of p type. Thus, the figure shows that a disloca- 
tions have a much higher mobility than p dislocations in 
S-doped InP. This observation is in contrast to the case of 
undoped InP.13 Some dislocations are seen to be generated 
lmm - 
‘scratch 
PIG. 1. X-ray topograph of dislocations generated and traveled from a 
scratch in InP doped with S at a concentration of 8 X 1018 cmd3 which 
was subjected to three-point bending at 450 “C for 40 s. “1” means surface 
irregularities. The topograph was taken using the anomalous transmission 
(Borrmann effect) with (220) diffraction of MO&, radiation. 
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FIG. 2. Temperature dependencies of the critical stresses for the gener- 
ation of a, fi, and screw dislocations (a) in InP doped with S at a con- 
centration of 8 X lOI cmd3, (b) in InP doped with Zn at 6X 1OL8 cme3, 
and (c) in InP codoped with Ga and As at 2X 10” and 7X 10” cmd3, 
respectively. 
under high stresses also from the edge of the specimen and 
some surface irregularities marked with I. It is noted that 
a dislocations are not generated from the scratch under 
stresses lower than about 3 MPa. This means that some 
appreciable magnitude of stress is necessary to generate 
dislocations from the scratch. 
The generation of dislocations from a surface scratch 
has been investigated as a function of the stress and tem- 
perature. In undoped InP dislocations are generated even 
under a stress as low as about 1 MPa at temperatures up to 
600 “C!. On the other hand, the critical stress for dislocation 
generation exists in impurity-doped InP as has been shown 
in the x-ray topograph of Fig. 1. This critical stress for 
dislocation generation is found to depend on the stressing 
temperature, the dopants, and on the type of generated 
dislocation, i.e., on whether they are of a, p, or screw type. 
Figure 2(a) shows the critical stresses for the genera- 
tion of a, 6, and screw dislocations in InP doped with S at 
8X 10” cme3 as a function of temperature. The critical 
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FIG. 3. Velocity vs resolved shear-stress relations at 450 “C in various InP for (a) a dislocations, (b) /3 dislocations, and (c) screw dislocations. 
stresses are low at low temperatures and increase rather 
slowly as the temperature increases for all type of disloca- 
tions in the temperature range 300-600 “C. The critical 
stress for generation of dislocations exists also for all dis- 
location types in InP doped with Zn at 6~ 10” cmW3 as 
shown in Fig. 2(b). The critical stress for p dislocations 
increases rather rapidly when the temperature is raised 
above 450 “C. On the other hand, the critical stress for the 
generation of a dislocations in InP codoped with Ga and 
As isovalent impurities is as high as approximately 8 MPa 
even at a low temperature of 300 “C and decreases with an 
increase in the temperature [Fig. 2(c)]. The critical stress 
for the generation of p dislocations in the crystal is lower 
than that for a dislocations and shows a maximum at a 
temperature of 350 “C. The critical stress for the generation 
of any type of dislocation in InP doped with S or Zn im- 
purities at a concentration of about one order of magnitude 
lower than that in Fig. 2 was as low as that for dislocations 
in undoped InP. 
George and Jacques reported, from in situ observa- 
tions, that in InP doped with Ga at a concentration of 
5X 10” cm-s fresh dislocations did not start again after a 
temporary stop of motion at 375 “CL* Taking this into con- 
sideration, we conclude that the suppression of dislocation 
generation under low stresses is caused by the locking of 
dislocations with impurity atoms similarly as in GaAs.iY2 
This point will be discussed further below. 
B. Dislocation velocity 
The distance traveled by the leading dislocation in an 
array under a given stress divided by the stressing duration 
is taken as the velocity of the dislocation under that stress. 
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The velocity was measured as a function of temperature in 
the range between 250 and 550 “C and the resolved shear 
stress in the range between 2 and 24 MPa. 
Figures 3(a), 3(b), and 3(c) show the velocities of a, 
0, and screw dislocations, respectively, at 450 “C plotted 
against the shear stress in various InP crystals. In most 
cases the logarithm of the velocity is linear with respect to 
the logarithm of the stress for all types of dislocations with 
a slope approximately the same as reported previously for 
dislocations in undoped InP.13 
No dislocation generation takes place under low 
stresses in InP doped with certain impurities as was dem- 
onstrated in Sec. III A. The dislocation velocity is zero in 
the low-stress range in InP and increases rapidly with 
stress once the stress exceeds the critical stress for gener- 
ation. In such a case the velocity versus stress relation 
usually shows a break at some high stress. From there, the 
velocity varies to increase rather slowly with increasing 
stress at approximately the same rate as that in undoped 
InP. The rapid increase in the dislocation velocity when 
the stress increases beyond the critical stress for generation 
is similar to that found in GaAs doped with certain dop- 
ants, which has been interpreted as dislocations released 
from the locking state due to impurity segregation.‘82 
Figures 4(a), 4(b), and 4(c) show the velocities of a, 
p, and screw dislocations, respectively, under a shear stress 
of 20 MPa, where dislocations are thought to be indepen- 
dent from the generation process, plotted against the re- 
ciprocal temperature in various InP crystals. It must be 
noted that the velocity of p dislocations in undoped InP 
shows a rather strong dependence on the temperature at 
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temperatures below 400 “C, the reason for which has not 
yet been clarified. 
The  velocity u  of dislocations in InP can be  described 
with the following emp irical relation as a  function of the 
stress r and  the temperature T: 
u=II~(T/T,J~ exp( -Q/kT), (1) 
where ro=l MPa and k is the Boltzmann constant. The  
magn itudes of vo, m, and Q  determined for a, p, and  screw 
dislocations in various InP crystals are given in Table II. 
F igure 5  shows how the velocities of a, p, and  screw 
dislocations depend on  the electrical properties of impuri- 
ties semiquantitatively. The  dislocation velocities shown 
are those at 450  “C under  a  stress of 20  MPa where the 
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FIG. 4. Velocities under a resolved shear stress of 20 MPa in various InP 
plotted against the reciprocal temperature for (a) CY dislocations, (b) fl 
dislocations, and (c) screw dislocations. 
measured velocities are thought to be  almost independent 
from the generat ion process. It is seen that the velocities of 
all types of dislocations are drastically reduced compared 
to undoped InP with an  increase of the Zn  doping concen- 
tration. Doping with S gives rise to an  increase in the ve- 
locity of a  dislocations and, at the same time, a  decrease in 
the velocities of B and  screw dislocations. As a  conse- 
quence, the velocity of a  dislocations is higher than that of 
j3 dislocations. The  effect of the donor  is less drastic than 
that of the acceptor. All types of dislocations move with 
almost the same velocities in InP doped with S at a  con- 
centration of 2  X 10’s cmV3. The  isovalent dopants Ga  and 
As have little effect on  the dislocation velocities. 
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TABLE IL Magnitudes of v,, m, and Q for a, fi, and screw dislocations. 
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C. Mechanical strength of impurity-doped InP 
The stress-strain curves of the specimens measured are 
characterized by a noticeable drop in the stress after yield- 
ing followed by a gradual increase in the stress with strain 
due to work hardening, as shown in Fig. 6. The stress drop 
becomes small or almost absent as the temperature in- 
creases. A similar effect is seen by a decrease in the strain 
rate. The characteristics in the stress-strain curves ob- 
served with InP crystals are common to all other semicon- 
ductors so far investigated such as Ge,i7 Si,18 GaAs,16 
GaP I9 and G~AsP.~’ 
The upper yield stresses of specimens of undoped InP 
and InP doped with S or Zn are plotted against the recip- 
rocal temperature in Fig. 7 for the deformation under a 
shear strain rate of 7~ lOA s-l. The concentrations of 
impurities in the crystals are given in the figure. The log- 
arithm of the upper yield stress in undoped InP is linear 














FIG. 5. Velocities of a, fl, and screw dislocations under a shear stress of 
20 MPa at 450 “C in undoped InP and InP doped with impurities at 
concentrations shown in the figure. 
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ture range 400-800 “C. The same is observed for the 
S-doped InP in the temperature range 450-600 “C! and for 
&-doped InP in the temperature range 500-700 “C. In 
such temperature ranges the upper yield stress in S-doped 
InP is rather close to that of undoped InP while that of 
Zn-doped InP is much higher. The dependencies of the 
upper yield stresses of both Zn-doped InP and S-doped InP 
become weaker in the high-temperature range, the effect 
being more pronounced in S-doped InP. Thus, the doping 
of Zn enhances the yield strength over the whole temper- 
ature range, while doping with S affects the strength little 
at low temperatures but strengthens at high temperatures. 
Miiller et al. reported a similar result on the temperature 
dependence of the lower yield stress in Zn- or S-doped 
InP.” Essentially the same kind of impurity effects on the 
yield strengths of compound semiconductors have been 
found in GaAs doped with various impurities and inter- 
preted in terms of dislocation mechanisms by the present 
authors.21 
IV. DISCUSSION 
A. Suppression of dislocation generation 
It has been found that a critical stress exists for dislo- 
cation generation from a scratch in doped InP as has been 
observed in O-doped Si,22 and also GaAs doped with sev- 
eral impurities. ‘12 The absence of dislocation generation 
under low stresses has been interpreted in terms of immo- 
bilization of dislocations due to impurity locking of 
dislocations. 1,2 
Figure 8 compares the generation stresses for a and p 
dislocations at 450 “C in doped InP and GaAs. The con- 
centrations of doped impurities are shown in the figure. It 
is seen that the generation stress for a dislocations in InP 
codoped with Ga and As is rather close to that for a dis- 
locations in GaAs doped with In. Table III shows the bond 
lengths of various kinds of atom pairs taken from Phillips’s 
book.23 A Ga atom occupies the In site in InP and the 
length of a Ga-P bond is shorter than that of the In-P 
bond by 7%. This size misfit gives rise to, at most, an 
elastic interaction energy of about 0.67 eV between a dis- 
location and an individual impurity atom. As shown in 
previous articles on GaAs, however, such a magnitude of 
the interaction energy is never effective in suppressing the 
dislocation generation at elevated temperatures.‘32 The ob- 
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served suppression of generation of a dislocations in InP 
may be attributed to the reaction at the dislocation core 
which incorporates Ga atoms as concluded with doped 
GaAs.ls2 The generation stress is also observed for j3 and 
screw dislocations though the magnitudes are lower than 
those for a dislocations. This means that the reaction prod- 
ucts developed at the cores of these dislocations are less 
effective in immobilizing the dislocations in comparison 
with a dislocations. 
As seen in Fig. 8, the suppression effect of S on the 
generation of any dislocation type in InP is weaker than in 
GaAs even if the S concentration in InP is higher by about 
two orders of the magnitude than that in GaAs. In con- 
trast, Zn in InP suppresses the generation of a dislocations 
much more strongly than in GaAs even if the concentra- 
tion is lower than that in GaAs. It is noted that the sup- 
pression of the generation of all dislocation types in InP by 
both Zn and S becomes stronger with increasing tempera- 
ture as seen in Fig. 2. It is interesting to note that the 
suppression effect of Zn on the generation of fi dislocations 
is rather low at low temperatures but becomes the stron- 
Shear strain, % 
FIG. 6. Stress-strain curve-s of (a) undopcd InP, (b) S-doped InP, and 
(c) Zn-doped InP under a shear strain rate of 7~10~~ s-’ at various 
temperatures. 
T, v 
800 600 400 
50 
1.0 1.5 
lO’/T , K” 
mG. 7. Upper yield stress of undoped InP and InP doped with Zn and S 
impurities plotted against the reciprocal temperature for deformation un- 
der a shear strain rate of 7~10~~ s-l. The numerals show the concen- 
tration of doped impurities. 
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FIG. 8. Comparison of the critical stress for the generation of a and /3 
dislocations in impurity-doped InP and GaAs at 450 ‘C. The symbols and 
numerals show the species and concentration of doped impurity into the 
crystals, respectively. 
gest at temperatures higher than 550 “C. This means that 
the development of the reaction products incorporating Zn 
at the core of a p dislocation is facilitated in such a high- 
temperature region. 
B. Effect of impurities on the dislocation velocity 
Many studies have been carried out to determine the 
velocities of various dislocation types in many semiconduc- 
tors. Most experimental results show that the dislocation 
velocities are well expressed with E!q. ( 1) . The motion of a 
dislocation in a semiconductor crystal has been believed to 
be rate controlled by the nucleation and subsequent expan- 
sion of double kinks. We have found in this work that 
isovalent dopants do not affect the velocity of any type of 
dislocations although they suppress the generation of dis- 
locations in InP as in GaAs. The dislocation velocity has 
been found to be influenced by electrically active impuri- 
ties. 
The most striking is that the effects of donors and 
acceptors on the velocities of various types of dislocations 
in InP are different to those in GaAs, in which doping with 
acceptors reduces the velocity of only a dislocations while 
dopin with donors retards the motion of all dislocation 
types. f For InP, the enhancing effect of S on the velocity of 
a dislocations is anomalous from the point of view that 
dislocation-impurity interaction through a strain field or an 
electrostatic field usually results in a reduction in the dis- 
location velocity. Indeed, S retards the motion of fi and 
TABLE III. Bond lengths of various kinds of atom pairs. 
Bond Bond 
(In site) length 







In-P 2.54 1.00 Ga-As 2.44 1.00 
Zn-P 2.41 0.95 &-As 2.49 1.02 
Ga-P 2.36 0.93 
In-S 2.48 0.98 Ga-S 2.30 0.94 
In-As 2.62 1.03 In-As 2.62 1.07 
screw dislocations. This implies that the enhancing efFect 
may be related to the electronic structure of a dislocations. 
A similar effect has been reported on the velocities of 60 
and screw dislocations in Si doped with donors and also on 
the velocities of p and screw dislocations in GaAs doped 
with acceptors. 
Adopting the ideas proposed by Hirsch24 and Jones25 
for Si, we propose here that an acceptor level is associated 
with a kink on dr dislocation in InP. If a kink in the stable 
configuration accompanies such an acceptor level, the equi- 
librium concentration of kinks on the dislocation may in- 
crease in an n-type crystal since the free energy of the 
system is decreased if such acceptors accept electrons from 
donors. On the other hand, if some acceptor level is asso- 
ciated with a kink in the saddle point configuration of 
motion, the m igration energy of a kink may be reduced and 
leads to a higher mobility of the kink. In both cases the 
velocity of the dislocation is enhanced by the doping of 
donors in InP. A full understanding of the mechanism may 
be obtained when direct measurements of the kink velocity 
become available. 
Acceptors retard the motion of all dislocation types 
similarly. This seems to suggest that the interactions are 
not of an electronic origin as in the case of donors. The 
observed retarding phenomenon at elevated temperatures 
can be explained only with an interaction energy as high as 
3 eV, which cannot be expected from the interaction be- 
tween a moving dislocation and individually dispersed dop- 
ant atoms. Thus, we can suppose that the impurities effec- 
tively retarding the dislocation motion are in clusters or 
complexes which accompany large strain and give rise to 
an interaction energy higher than 3 eV.‘,’ 
6. Impurity effects on the yield strength 
In previous articles we have shown that the experimen- 
tally measured stress-strain characteristics of Ge, Si, and 
GaAs are quantitatively reproduced by calculations based 
on some models of dislocation processes in these 
materials.21’2’“8 We discuss the mechanical strength of 
doped InP on the dynamic behavior of individual disloca- 
tions. 
The enhancement of the dislocation velocity results in 
a decrease in the yield strength, while this reduction results 
in the increase in the strength. Acceptors in InP reduce the 
velocities of all dislocation types. As a result, the upper 
yield stress of Zn-doped InP has been measured to be 
higher than that of undoped InP over a wide temperature 
range. On the other hand, the velocity of a dislocations is 
enhanced while those of j3 and screw dislocations are re- 
duced by doping with donors in InP. These effects com- 
pensate each other. This is thought to be the reason why 
the yield strength of S-doped InP is close to that of un- 
doped InP at low temperatures. 
In the high-temperature region the temperature depen- 
dence of the yield strengths of both S- and Zn-doped InP 
becomes weak and, as a consequence, the strengths of these 
materials are measured to be higher than that of undoped 
InP. This effect may be attributed to dynamic locking of 
dislocations due to S or Zn dopants, as has been discussed 
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with In- or Zn-doped GaAs.‘l Doping into InP with Ga 
and/or As is thought to enhance the yield strength of crys- 
tals in the high-temperature range; however, no measure- 
ment has yet been done with these materials. 
V. CONCLUSION 
The dynamic behavior of a, /3, and screw dislocations 
in InP doped with various dopants has been investigated 
and been compared with that of GaAs. The dislocation 
generation from a surface scratch is suppressed by doping 
with S, Zn, and Ga and As. This effect has been attributed 
to the immobilization of dislocations due to these dopants. 
Isovalent Ga and As impurities do not affect the ve- 
locity of any type of dislocations just like In and Al impu- 
rities in GaAs. On the other hand, Zn acceptors reduce the 
velocities of all dislocation types while S donors enhance 
the velocity of a dislocations while reducing the velocities 
of p and screw dislocations in InP, which is quite in con- 
trast to the case of GaAs. The velocities of all dislocation 
types are expressed with an empirical equation of the same 
type as those in other semiconductors. 
The effects of impurities on the mechanical strength of 
InP are well correlated to impurity effects on the dynamic 
behavior of individual dislocations: Namely, enhancement 
of the strength due to Zn-doping is brought about by the 
reduction of the dislocation velocities, while enhancement 
of the strength by dislocation @nobilization due to impu- 
rity locking is observed at high temperatures in ~Zn- and 
S-doped InP. 
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